Calcium ionophoresis into coenocytic cells of Neurospora crassa activates the plasma membrane proton pump as measured by current-voltage analysis. This is direct evidence that intracellular calcium regulates the activity of a key transport enzyme found in higher plants and fungi.
Calcium is a regulator of plant growth and development, usually through its role as a second messenger (20) . It is required for maintenance of membrane permeability (4) and for high-affinity potassium uptake (7), so it is possible that it affects plant growth and development by regulating the transport properties of the plasma membrane. For example, inhibitors of calcium-calmodulin activation (phenothiazine derivatives) affect the electrical transmembrane potential across the plasma membrane of plant cells (2, 12, 14) , which is generated by an electrogenic proton ATPase (25, 26) . However, phenothiazines are accumulated by plants to high levels (5) and directly inhibit the plasma membrane proton ATPase (14) , so their effect in vivo may be due to nonspecific actions rather than inhibition of calcium-calmodulin regulation of the proton pump. Using internal perfusion, calcium does not affect the plasma membrane proton ATPase of Nitellopsis or Chara at concentrations up to 0.1 mM; above this level, it inhibits their activity (16) . The (27) and adenylate cyclase (19) . The membrane potential in Neurospora is generated by an electrogenic proton pump that is very similar to that found in higher plants (25) . In this report, I present evidence that calcium stimulates the plasma membrane proton pump in Neurospora.
MATERIALS AND METHODS Cells of Neurospora crassa were grown from conidia in Vogel's minimal medium (28) plus 2% glucose and 15.5% ethylene glycol (1). After 3 d growth, the cells were washed in a fivefold excess of 9 mm Mes (pH adjusted to 5.7 with Ca(OH)2) (Ca-Mes solution) plus 17.1% ethylene glycol, and diluted 10-fold with Ca-Mes solution over 4 h. Electrophysiology was done in 10 mM Bis-Tris propane/Mes solution (pH 6.0) containing 1 mm CaCl2. Triple-barreled microelectrodes were used: the common filling solution was 100 mM K-acetate plus 10 mM KCI (the pH was about 7). Impaled cells had volumes ranging from 5 to 10 pL.
For calcium ionophoresis, the cation-ejecting microelectrode was filled with 25 mm Ca2 . Currents were canceled with a return current (the clamping current) through one of the other microelectrodes in the assembly while the voltage was clamped to the resting potential as measured by the third microelectrode. The ionophoretic current was indirectly monitored by measuring the clamping current.
RESULTS AND DISCUSSION
Initial experiments were done without voltage clamping (13) . This limited the magnitude of ionophoretic current that could be used (4 to 50 pA), and there was no effect of ionophoresis upon the current-voltage relations of the plasma membrane.
With voltage clamping to maintain the potential at its resting value, it was possible to increase the ionophoretic current up to 1.25 nA. For all cells in this experimental series, the initial membrane potential was -225 ± 27 mV (n = 21).
In the sample experiment shown in Figure 1 , control ionophoresis of potassium into the cell was without any large effect. Subsequent ionophoresis of calcium caused a hyper- (25 mM ). The ionophoretic current was balanced by voltage-clamping the potential at the resting potential using the other two microelectrodes (both contained 100 mm K-acetate plus 10 mm KCI). By doing this, much larger ionophoretic currents could be passed than were previously possible (13) . Current-voltage measurements (shown as vertical bars in the membrane potential trace) were measured with a conventional bipolar voltage clamp protocol. As a control, the initial ionophoresis was through one of the microelectrodes containing 100 mm Kacetate plus 10 mm KCI, so that K+ was injected into the cell. The effect of this and subsequent calcium injections on the membrane potential is shown in the upper panel; their effects on the current-voltage relations are shown in the lower panel. Depolarizing spikes often seen at hyperpolarized potentials occurred during the experiment but are not shown in the potential trace. Only two examples of the effect of calcium ionophoresis on current-voltage relations are shown; the others were quite similar. polarization of the potential and an increase in the conductance, and thus an increase in the short circuit current (i.e. current at 0 mV) in the current-voltage relations. Both of these effects must be a consequence of calcium ionophoresis since neither is seen when calcium is absent from the electrode.
The hyperpolarization is a consequence of either positive charge movement out ofthe cell or negative charge movement into the cell; likely candidates are calcium, potassium, chloride, or protons. Neurospora has a Ca24/nH' antiporter (22) , and energetically, calcium efflux would have to be either electrically silent or cause the potential to depolarize. Potassium outward movement is unlikely: no active efflux mechanism is known, and potassium ionophoresis (which would cause a more negative-inside Nernst potential for potassium) causes a slight depolarization (Fig. 1) . This indicates that a potassium conductance does not dominate the electrical properties of the membrane. Finally, no chloride pump is known in Neurospora. By elimination, proton efflux is most probable.
The increase in conductance seen after calcium ionophoresis could be interpreted as an increased ionic "leak." But if this were the case, the potential would depolarize: the ionic leak potential is nearly 0 mV, as measured when the proton pump is inhibited by ATP depletion (cyanide or carbon monoxide treatment) or directly (vanadate ionophoresis) (data not shown). The concomitant hyperpolarization and increased conductance can be best explained by activation of the proton pump as follows: increased proton pump activity would cause the potential to hyperpolarize and would also increase the maximal pump current. This would be seen as increased current under no load conditions, i.e. at 0 mV, where passive leakage contributes virtually nothing to overall current (8) , and thus increased conductance on the currentvoltage relation. Effects of calcium ionophoresis on the membrane potential and short circuit current. The x axis shows the ionophoretic current normalized for duration and cellular volume, i.e. coulombs of charge per picoliter of cell volume. The actual concentrations are unknown because the efficiency of current passage by calcium relative to the other ions present is unknown. The upper panel shows the change in membrane potential after calcium ionophoresis; the upward direction is hyperpolarization. The lower panel shows the change in short circuit current (i.e. current at 0 mV) after calcium ionophoresis. Outlier data points are not shown; these were present at higher ionophoretic currents that caused inhibition of pump activity and possibly cellular damage.
The dependence of changes in potential and short circuit current on the amount of ionophoretic current is shown in Figure 2 . At lower currents (105-230 pA, 2,500 coulombs/ pL of cell volume ionophoresed into the cell), calcium injection caused membrane potential hyperpolarization and increased short circuit current. At higher ionophoretic currents (800-1250 pA, 12,600 coulombs/pL of cell volume), the data are more scattered, but in general, calcium injection caused depolarization and decreased short circuit current. The depolarization and decreased conductance on the current-voltage relations is also seen when the proton pump is inhibited by cyanide, carbon monoxide, or vanadate ionophoresis (data not shown). Thus, as intracellular calcium is increased by ionophoresis, there is stimulation of proton pump activity, but at some threshold, calcium levels are so high that they inhibit pump activity and may have other deleterious effects. (Fig. 3) . ATPase activity is inhibited at calcium concentrations higher than 100 AM. This can be matched to inhibition by calcium ionophoresis (Fig. 2) , which occurs at a value of 10,000 coulombs/pL of cell volume. Thus, the actual increase in intracellular calcium required to stimulate proton pump activity is lower than 100 gM, probably in the range of 10 to 50 ,uM. The fact that calcium does not activate the proton ATPase in vitro suggests that cytosolic factors required for activation in vivo are lost during isolation of the plasma membranes.
There is a general consensus that cytoplasmic calcium in higher plants is regulated at a level of about 10' M (17, 29) . Transient increases to the micromolar level may trigger a variety of cellular processes (20) ; these are often responses to environmental stimuli (10, 11, 24, 30) . The data presented here are direct evidence that elevation ofcalcium has a specific effect upon the activity ofan electrogenic proton pump known to play a central role in plant growth and development (25, 26) . The activation requires cytosolic factors and may be via a calcium-stimulated phosphorylation of the pump (21) . 
